To study the ozone spatial and temporal evolution in the atmosphere, lidar systems have proved to be adequate but have remained complex. We define in this paper the main characteristics of a UV DIAL system for ground based and airborne ozone measurements in the troposphere and the lower stratosphere both for daytime and nighttime operation. A multiwavelength lidar system using either Rayleigh/Mie signals or the Raman nitrogen signal, is discussed as a way to efficiently correct the ozone measurements from the systematic bias due to aerosol and other interference gases (i.e. SO 2 ) in the lower troposphere. Two types of lasers (solid state and excimer) are compared, as both lasers are suitable for long term field operation and airborne use.
Introduction
Ozone plays a significant role in the tropospheric gas phase chemistry as an important oxidant and as the major precursor of the OH radical, which in turn is the primary removal agent, through oxidation, for many atmospheric trace gases in the troposphere. Tropospheric ozone has its origin not only in the stratosphere but also in the lower troposphere where ozone formation results from oxidation of carbon monoxide and hydrocarbons. 1' 4 It is now well agreed that a complete study of the ozone budget in the troposphere should consider both chemical and dynamical processes-ozone photochemical production in the planetary boundary layer (PBL), horizontal transport of ozone and its precursors from the source region, and ozone exchange between the PBL and the free troposphere or between the troposphere and the stratosphere. To address these questions the ozone vertical distribution needs to be measured on a long term basis (several years), as well as during limited measurement periods (few days) with high temporal (<5 min) and spatial (<300 m) resolution.
A means for measuring ozone vertical profiles in the troposphere and the lower stratosphere is offered by the lidar technique which can provide sufficient tem-poral (<1.5 min) and spatial (0.1-1 km) resolution to estimate ozone with accuracies comparable to those of regional tropospheric models. Tropospheric and stratospheric ozone measurements have been demonstrated using the differential absorption lidar (DIAL) technique. However, most of the DIAL systems employed up to now were based on Nd:YAG pumped dye lasers, 5 6 which proved not to be easy to operate in a monitoring station, due to the complexity of the laser source necessitating continuous wavelength calibration and control. On the other hand, laser sources capable of emitting several fixed laser lines simultaneously can reduce the complexity of existing ozone DIAL lidar systems if suitable wavelengths can be obtained. Considering the scientific objectives as well as their consequences on lidar operation, this paper investigates the optimum procedure for deriving an ozone profile from a ground based or an airborne version of a new lidar system for daytime and nighttime operation. Section II identifies the laser lines available for tropospheric ozone measurements using fixed wavelength laser sources. Sections III and IV present the results of a computer code written to define the optimum lidar system by calculating the error on derived ozone concentrations in the free troposphere and under various pollution conditions in the PBL. The case of a twowavelength method is studied and several schemes are evaluated to improve the retrieval of the ozone profile from additional information given by other existing wavelengths. Section V summarizes our conclusions.
II. Operational Laser Line Identification
Range resolved measurements of ozone can be performed using the DIAL technique where signals at two wavelengths are compared: one being strongly absorbed by ozone and the other one not at all or less so, to give an atmospheric reference. The DIAL measurement optimization requires the optical depth due to ozone absorption to be close to unity in the whole troposphere. 8 This optical depth corresponds approximately to a differential absorption cross section of 1.5 X 10-18 cm 2 , assuming an ozone mixing ratio of the order of 50 ppbv.
As ozone contains absorption bands in the UV and in the IR region, DIAL measurements can be performed in both spectral domains. Since high aerosol loadings are necessary to obtain a single-shot signal-to-noise ratio (SNR) >1 in the IR (i.e., at 9.2 gm), ozone measurements have only been demonstrated at this wavelength in the planetary boundary layer. 9 Furthermore, the low values of the ozone absorption coefficients at CO 2 wavelengths (i.e., a differential absorption cross section of the order of 4.8 X 10-19 cm 2 )
do not allow short term measurements of the background ozone concentrations (<10+12 mol cm-3 ).
Since our objective is to design an instrument for ozone measurements in the whole troposphere and for various atmospheric pollution conditions, the UV region is preferable for obtaining an optimum optical depth close to unity. This last condition is fulfilled provided that the absorbed wavelength is chosen between 260 nm and 290 nm. However, in the UV region one has also to consider the spectral separation between both wavelengths, owing to the absence of sharp ozone absorption peaks in this spectral range. This separation should range from 5 to 15 nm to reduce both the statistical error El, related to SNR considerations, and the systematic error 2, related to spectral varia- dissociates too fast in the UV. Therefore, we have selected hydrogen and deuterium. The wavelengths generated by both laser sources are reported in Table I , along with the expected SRS efficiencies and corresponding output energies E for typical pumping powers delivered by existing commercial lasers.
A minimum transmitted energy of 10 mJ is required to perform ozone measurements in the troposphere without losing the advantage of high temporal (<1.5 min) and spatial (0.3-1 km) resolution. 5 Consequently, the third Stokes line cannot be used for either laser (Table I ) and suitable energies in the second Stokes line are only available with a KrF laser. Furthermore, the KrF pump wavelength (248 nm) will not be considered throughout this study since the lidar signal extinction value at this wavelength is such that the range of ozone measurements is limited to -1 km.
Ill. Two-Wavelength Ozone Lidar
In this section we consider a two-wavelength system, the wavelength pair being chosen among those identified in Sec. II. The lidar signals are simulated using the appropriate atmospheric parameters and errors for the ozone concentration are calculated. Two different altitude zones will be discussed: the planetary boundary layer (0-2 km) and the free troposphere (2-15 km). In the PBL, the driving factor for wavelength selection is the systematic error 2, owing to the large aerosol load of the PBL and to the large value of the lidar SNR. In the free troposphere, the driving factor is the statistical error El, since the aerosol content is usually low enough for the systematic error to be neglected.
For an airborne lidar, errors for free tropospheric ozone measurements are comparable to if not smaller than those for a ground based system. On the other hand, airborne lidar performances must be carefully assessed for PBL measurements since airborne observations will be performed in presence of very different types of aerosols (maritime, continental) and pollutants, making difficult any correction by a unique aerosol model.
A. Free Tropospheric Measurements
The atmospheric density model used in this computation is that of the U.S. Standard Atmosphere, 2 while the mean ozone profile used is that of Krueger and Minzer, 13 typical for mid-latitude regions. The vertical aerosol extinction profile is based on the LOWTRAN 6 code, 14 with the additional assumption of a constant particle concentration up to an altitude of 1.5 km (top of the PBL) and a visibility of 10 km.
The statistical error El vs altitude is plotted in Fig. 1 for daytime measurements, where we have not considered wavelengths >290 nm since they are strongly affected by background sky light presence. The background sky light values reported in Fig. 2 were calculated for a zenith angle of 30° for the characteristics of our lidar system (Table II) . The number of shots N necessary to acquire one ozone profile is 1000, corresponding to an integration time of 1.66 min for a 10-Hz laser pulse repetition frequency. The spatial resolution Az was kept constant and equal to 1 km at each altitude. Errors corresponding to other parameter values could be easily calculated since El is proportion-
Since one of the objectives is to study the ozone exchange between the troposphere and stratosphere (i.e., small scale mixing in tropopause folds) the ozone uncertainty should not exceed a maximum value of 5% near 15 km to accurately estimate the ozone gradient across the tropopause fold boundaries. For the wavelength pairs 289-299 nm and 277-292 nm, the El value remains lower than 5%, for altitudes <10 km, while for the wavelengths 266-289 nm, 268-277 nm, the 5% value is already exceeded at an altitude of 7 km. However an increase by a factor of 10 of the integration time (16.6 min or 104 shots) reduces the value of el by a factor of 3, extending the measurement altitude range up to 15 km, with the same vertical spatial resolution of 1 km. For statistical errors corresponding to nighttime measurements (Fig. 3) , an additional wavelength pair (292-313 nm) related to the KrF laser can be used. Under these experimental conditions ozone measurements can be performed up to an altitude range of 15 km, using both wavelength pairs 289-299 nm and 292-313 nm.
Aerosols in the free troposphere are from two main sources: aftermaths of major volcanic eruptions and desertic dust episodes. Studies of Saharan dust optical propertiesl5 16 show that the wavelength dependence of the aerosol extinction coefficient is almost zero in the visible and the near UV owing to an enhancement of the number of large diameter particles (>2 ,um). As a consequence, small changes in the DIAL measurements are expected during those episodes as far as the systematic error is concerned, but it is likely that the maximum sounding altitude will be reduced due to an increase in the optical depth. For volcanic aerosols, the last major eruption (El Chichon in March 1982) was studied extensively using lidar systems and other techniques. Studies performed in the Federal Republic of Germany 17 the central United States'8 at 10 m indicated a 4-5 enhancement of the lower stratospheric aerosol burden during the months following the eruption and then a similar increase in the middle troposphere in association with the purging of the volcanic debris from the stratosphere. However, even for such increases of the aerosol extinction, the systematic errors will not exceed 5% in the altitude range 5-15 km using any other wavelength pair.
From the above discussion we can conclude that both laser sources (KrF, Nd/YAG) are equivalent for ozone measurements in the free troposphere for nighttime operation and that the Nd/YAG is better adapted to daytime measurements. The vertical spatial reso- lution of 1 km for the ozone measurements chosen for this study can be increased to 300 m using the wavelength pairs 289-299 nm (daytime/nighttime) and 292-313 nm (nighttime), provided the altitude range does not exceed 5 km. The systematic error due to high aerosol concentration is generally negligible, but should a correction be needed, we might use another wavelength to get an additional pair of measurements to estimate the aerosol extinction and scattering coefficients using procedures similar to those described in Sec. IV.
B. Lower tropospheric measurements
As mentioned previously, owing to the large aerosol particle concentrations encountered in the planetary boundary layer, the systematic error 2 becomes predominant in this altitude region. The scattering term depends mainly on the vertical gradient of the aerosol backscatter coefficient and the extinction term is proportional to the aerosol load itself. In the following, the molecular extinction contribution to the systematic error e2 will not be taken into account since it can be reduced to a 1% level using an atmospheric gas density model [i.e., U.S. Standard 197612 or local radiosonde data. Furthermore, we now have to distinguish between two specific areas: the nonpolluted and the rural areas influenced by urban plumes, since in the latter case we have to consider some additional interferences to the ozone measurements (i.e., pollutants such as SO 2 , NO 2 , high aerosol load). The ozone profile proposed by Krueger and Minzer 13 which has been used for the free tropospheric measurements is not completely representative of the ozone distribution in the PBL because higher PBL ozone values are often measured over continental areas. However, we have kept this profile for the PBL because it corresponds to the maximum error values.
C. Measurements in nonpolluted rural areas
As the DIAL technique is especially sensitive to the existence of large spatial gradients of the backscatter nm used in the simulation algorithm. coefficient, we have considered the aerosol vertical distribution given by the LOWTRAN 6 code 19 for a 10-km visibility, but with a varying relative humidity (RH) in the PBL. To compute the RH from the water vapor mixing ratio, a 295 K ground temperature was chosen along with a -8 K km-' vertical temperature gradient corresponding to a constant potential temperature as observed in a convectively developed PBL. A constant water vapor mixing ratio (corresponding to RH = 50% at ground level) is assumed to the top of the PBL (1.5 km) to derive the 300-nm aerosol extinction profile presented in Fig. 4 . This profile, having a sharp gradient at the top of the PBL, is representative of a rural PBL as indicated by balloon in situ measurements.
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In the following, we are going to compare only the three wavelength pairs 266-289 nm, 277-292 nm, and 289-299 nm, since the KrF 268-292 nm wavelength pair is almost equivalent to the 266-289 nm wavelength pair, as far as the systematic error e2 is concerned. Maximum e2 values are generally observed at the top of the planetary boundary layer due to the gradient of the vertical aerosol backscatter coefficient profile which decreases at this altitude by one order of magnitude over a 300-m altitude range. The sign of the scattering term depends mainly on the sign of the backscatter gradient while the extinction term is always negative. The error E2, plotted in Fig. 5 , is taken as the absolute value of the sum of the backscatter and the extinction terms. The sign change of the backscatter term at the top of the PBL explains the existence of a hole in the systematic error curve at this altitude.
Because the KrF wavelengths of the pair 268-277 nm are only separated by 9 nm, the ozone differential absorption cross section is twice as small as that for the pair at 266-289 nm. As a consequence, this pair is intermediate between the pairs 266-289 nm and 277-292 nm and is not represented in Fig. 5 . The wavelength pairs 266-289 nm and 277-292 nm are almost equivalent in the PBL with an error of 5% but this error becomes 25-30% at 1.5 km. The use of the 289-299-nm wavelength pair leads to an error >15% in the entire PBL. The difference is due to larger differential ozone absorption cross sections at shorter wavelengths.
In conclusion, only the wavelength pairs 266-289 nm, 268-277 nm, and 277-292 nm can be retained for ozone concentration estimates in the PBL. It should be noted that the uncertainty related to the aerosol contribution can reach quite large values (up to 30%) in regions of inhomogeneously distributed atmospheric particles (top of the PBL, clouds, etc.). At this level of comparison both laser systems remain equivalent since the major contribution to the ozone uncertainty in the lower troposphere is the systematic error.
As indicated at the beginning of this section we also compared the results obtained by using the wavelength pair 266-289 nm to those obtained by the pair at 277-292 nm for an airborne nadir-looking lidar system flying at a 5-km altitude. Although the systematic error is identical to that estimated for a ground based lidar, the statistical error el (Fig. 6 ) leads to a 15% error for the Nd:YAG laser system at the lowest altitudes, while it remains <5% for the KrF laser system. The latter system appears to be a good candidate for an airborne lidar.
D. Measurements in Rural Areas Influenced by Urban Plume
When ozone measurements are performed in the polluted PBL, interferences by sulfur dioxide, nitric dioxide and aerosol absorption or extinction have also to be taken into account. Therefore, we have considered a moderately polluted rural area with the following pollutant concentrations: Table III In addition to high pollutant concentration, aerosol loading can also become quite important in the polluted PBL. Since the systematic error related to aerosol extinction is directly proportional to the aerosol load of the PBL it is straightforward to calculate the error using the results of Fig. 5 . An increase of the 300-nm extinction coefficient from 0.25 km-' to 1.25 km-' (equivalent to a reduction of the visual visibility from 10 to 2 km) leads to errors >25% even for the less sensitive wavelength pairs. We conclude that there are wavelength pairs minimizing the interferences of SO 2 and NO 2 absorption but the errors associated with high aerosol load remain important and a different approach is needed to correct efficiently for the aerosol systematic error.
IV. Multiwavelength Ozone Lidar
To further reduce the systematic error on the ozone profile, it is necessary to perform simultaneous measurements of the aerosol extinction and the ozone vertical profiles. To derive aerosol extinction and scattering profiles, Browell et al. 2 6 proposed an inversion algorithm based on the one proposed by Klett including the effect of Rayleigh scattering. Such an algorithm can be applied to the reference wavelength in the UV provided that the ozone (or SO 2 ) extinction is added in the expression of the reference signal. Another approach makes use of the Raman nitrogen signal generated in the atmosphere along with the Ray- for a multiwavelength lidar system using the Klett method.
leigh/Mie signal. We compute in this paragraph the expected systematic error on the ozone measurement, after correcting for the aerosol interferences by using both methods. In the case of the Klett method, a detailed calculation is presented for a ground based station followed by a brief indication of how it could be extended to an airborne lidar, since the study of a more complete algorithm is beyond the scope of this paper. The Raman method is presented for both lidar systems since the calculations are very similar for these two cases.
A. Ground-Based Measurements

(i) Ultraviolet Klett Method
The lidar system, described in Sec. I, provides a way of emitting more than two wavelengths simultaneously. This is a definite advantage since two wavelengths can be optimized for a measurement in the PBL, and a third one can be used to get the ozone profile up to 15 km. For the Nd:YAG system, the use of two-wavelength pairs (266-289 nm, 289-299 nm) leads to an uncertainty on the ozone concentration <30% up to 4 km (266-289 nm) and <5% from 4 km up to 15 km (289-299 nm). Starting with this ozone profile the successive steps to be performed for the aerosol backscatter and extinction corrections are represented in Fig. 7 , where the lidar signal at 299 nm is used to derive the aerosol backscatter profile. The interference due to SO 2 is also included, since the 299-nm SO 2 absorption cross section has the same magnitude as that for ozone. Although we consider only the Nd:YAG system in this paragraph, the results are also valid for a KrF lidar using the wavelengths 268 nm, 277 nm, and 291 nm. The KrF transmitter wavelength 313 nm is not appropriate for a Klett inversion because the SO 2 absorption cross section at 313 nm is 2.5X larger than the ozone cross section and the SNR goes down faster with altitude for daytime measurements.
To estimate the remaining systematic error for the ozone concentrations, one has to assess first the various errors associated to the inversion algorithm described in Appendix B. The accuracy in the determination of the backscatter coefficient is limited by:
1) the error on the lidar signal S'(r) -S'(rm)
2) the uncertainty on m at the reference altitude 3) the uncertainty on the aerosol backscatter to extinction ratio C Error (1) does not depend strongly on the lidar SNR provided that the reference altitude r is taken in a region where the SNR is sufficiently high (rm 8 km).
Error (1) is associated with errors in the initially estimated vertical profiles of ozone and SO 2 , integrated from 8 km down to the PBL. Under the assumption that independent SO 2 estimations are made in the PBL or that the procedure described in Fig. 7 is iterated once more to estimate the SO 2 integrated absorption in the PBL, we can reduce an error (1) to <10%. Error (2) is generally quite low (a few percent) since the reference altitude r is taken to be sufficiently far away from the altitude range where the A3(r) estimate is critical-namely at the top of the PBL. This contribution to the total error will be neglected. Error (3) remains the predominant one 26 and can be estimated using Eq. (B-3) of Appendix B to calculate 13 with a value of C equal to 0.028 sr-', while the actual values may range from 0.021 to 0.035 sr-1 (typical of rural atmospheres). The received lidar signal was calculated for the aerosol extinction and ozone profiles given in Sec. III and a 25-ppb SO 2 mixing ratio up to 1.5 km. To compute S' in Eq. (8), we neglected the SO 2 absorption and used the ozone profile estimated by our algorithm for the 266-289-nm wavelength pair. By comparing the retrieved flp profile to the initial one, the resulting uncertainties in the backscatter coefficient 13, and in its gradient expressed as a scale height Hp, can be calculated as a function of altitude, for the 299 nmwavelength.
To deduce the backscatter and extinction coefficients at the shortest wavelengths (266 and 289 nm) one has to introduce a new parameter m, such that the extinction is proportional to ,-m . The lidar signals at 266 and 289 nm are obtained using an m value of 0.9 and a relative uncertainty m of 30%-typical for rural aerosols. 19 The residual systematic error &2 is then From these results, one expects a reduction of a factor of 2 of the error in the PBL (aerosol extinction) but the error at the top of the PBL (aerosol scattering) remains near 15% when both m and C are overestimated in the algorithm. For some applications the error at the top of the BPL will still be too high and another scheme will have to be applied.
(ii) Raman Nitrogen Method
The Raman scattering signal from atmospheric nitrogen provides a means of measuring the density of nitrogen molecules in the atmosphere. Adding one optical channel to detect this signal along with the Mie/Rayleigh signals (MR), one can obtain an estimate of the aerosol backscatter and extinction coefficients by ratioing the Raman signal to the MR signal. index of refraction to deduce C at that Using this procedure to correct the a ences, the residual systematic error 5E or trations will now depend on:
(a) the statistical and systematic err( profile used to compute /lp and ap, (b) the error resulting from the aero absorption in the expression of /lp, and (c) the SNR of the Raman nitrogen much smaller than the SNR of the MR j2. and the error introduced by a poor knowledge of its spectral variation over a large wavelength range. However, the accuracy of a two-wavelength algorithm has not yet been proven, especially in the UV spectral range where Rayleigh scattering cannot be neglected. The analytical technique proposed by Potter 2 8 was tested only for specific cases (no Rayleigh scattering, the same aerosol size distribution, and the same index of refraction at all ranges). Consequently the success of this method cannot be guaranteed for airborne measurements using the wavelengths 299 nm and 353 nm. The Raman nitrogen method can also be applied to an airborne ozone lidar and is probably superior to the Klett method in that it does not require any assumption for the vertical variation of C(r), but requires an estimate of C only at the aircraft altitude. An error analysis identical to the case of the ground based system has been performed and the value of &e2 is plotted in Fig. 11 for both a positive and negative error for m. For the Raman nitrogen method, the error for the ozone concentration is <5% in the entire PBL. In addition to this systematic error, one must also study the statistical error for the Raman signal for a nadirpointing lidar since the horizontal resolution on the ozone 3-D map is determined by the total number of shots used to acquire one profile. The signal-to-noise ratio was calculated for both the Nd:YAG and the KrF system flying either at a 5.0-km (Fig. 12a) or at a 3.0-km altitude (Fig. 12b) . The number of shots recorded for the KrF system was 6000 against 1000 for the Nd:YAG, the PRF of which cannot be much higher than 10 Hz. (These two values correspond to the same 10-km horizontal resolution for a 100 ms-1 aircraft velocity). Assuming a minimum SNR of 50 to obtain an error on f3p smaller than 2%, aerosol correction could be performed at altitudes lower than 1.5 km with both systems for a 3-km flight altitude, but only the KrF laser would be good enough at higher flight altitudes. Although the airborne Nd:YAG system is likely to give acceptable results in the PBL, the KrF system is more appropriate for airborne 03 lidar operation.
V. Conclusion
In this paper, we describe simulations we conducted for atmospheric backscatter signals (Rayleigh/Mie or Raman) recorded with new UV DIAL ozone systems based on solid state (Nd:YAG) or excimer (KrF) lasers to improve the field operation of such systems. An assessment of both statistical and systematic errors associated with the DIAL technique was performed to identify the appropriate wavelength pairs to measure the ozone concentration in the entire troposphere and for various atmospheric pollution conditions in the PBL.
We conclude that ozone standard concentrations can be measured using the DIAL technique to within 5% accuracy in the free troposphere using both types of lidar transmitters considered in this study. Measurements should be feasible with this accuracy up to an altitude of 15 km, for nighttime and daytime conditions, provided that the integration time is increased 15 ERROR 2 (%) Fig. 11 . Comparison of the uncorrected e2 (solid line) and the corrected 6E 2 (dotted line) systematic error for an airborne Nd:YAG lidar system, by using the Raman nitrogen return signal at 283.6 nm. from 1-2 min (during nighttime) up to 15-20 min (during daytime). Regarding ozone measurements in the PBL, a two-wavelength DIAL method is generally not sufficient because of the large interference (up to 25-30% error) effect due to the presence of high aerosol loadings and especially the large aerosol concentration gradient at the top of the PBL. Two complementary lidar measurements were then considered to reduce the systematic error on the ozone concentration by estimating the aerosol backscatter and extinction profiles: 1) an inversion algorithm (Klett method) of the less absorbed UV lidar signal in the atmosphere; 2) the detection of the atmospheric nitrogen Raman signal, related to the aerosol concentration through the backscattering process onto and not through extinction. 
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